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ABSTRACT

In obese individuals the visceral adipose tissue (VAT) becomes seat of chronic low grade
inflammation (metaflammation). But the mechanistic link between increased adiposity and
metaflammation remains largely unclear. We report here that in obese individuals
deregulation of a specific adipokine, chemerin, contributes to innate initiation of
metaflammation, by recruiting circulating plasmacytoid dendritic cells (pDCs) into visceral
adipose tissue via chemokine-like receptor 1 (CMKLRI1). Adipose tissue-derived high
mobility group B1 (HMGB1) protein, activates toll-like receptor 9 (TLRY) in the adipose-
recruited pDCs by transporting extracellular DNA via receptor for advanced glycation
endproducts (RAGE) and induces production of type I interferons. Type I interferons in
turn help in proinflammatory polarization of adipose-resident macrophages. Interferon
signature gene expression in VAT correlates with both adipose tissue and systemic insulin
resistance in obese individuals, represented by ADIPO-IR and HOMAZ2-IR respectively,
and defines two subgroups with different susceptibility to insulin resistance. Thus our
study reveals a hitherto unknown pathway that drives adipose tissue inflammation and

consequent insulin resistance in obesity.

Word count: 163
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Obesity and associated metabolic disorders are major health problems worldwide. Studies done
over the past decade or so have established that the visceral adipose tissue (VAT) in the obese
individuals harbors chronic low-grade inflammation, termed metaflammation, involving myriad
innate and adaptive immune cell subsets(1,2,3). Interest in mechanisms of metaflammation grew
after discovery of resident macrophages in visceral adipose tissue of obese individuals (4). The
chemokine-receptor axis CCL2-CCR2 has been implicated in the recruitment of monocyte-
derived macrophages into the adipose tissue (5,6). In obese VAT, as opposed to lean VAT, the
resident macrophages show a classically activated proinflammatory M1 phenotype rather than
so-called alternatively activated anti-inflammatory M2 phenotype (2). Although CCR2"
macrophages has been shown to get recruited in response to CCL2 expressed in obese VAT,
there is no evidence for selective recruitment of M1 macrophages in response to CCL2. A recent
study shows that CCL2 rather promotes a M2 phenotype (7). Thus switch in macrophage
phenotype in response to hyperadiposity cannot be explained by the CCL2-CCR?2 axis. Therefore
the potential mediators for the M2 to M1 switch are probably induced in obese VAT in situ. One
of the proposed candidates is circulating free fatty acid (FFA), which has the potential of
inducing proinflammatory cytokine production from adipocytes via toll-like receptor 4 (TLR4)
(8). These adipose-derived cytokines in turn can affect the macrophage phenotypic switch in situ
as well as systemic insulin resistance (9). Fetuin-A, a fatty acid binding glycoprotein secreted
from liver, has been implicated in mediating TLR4 activation by FFAs (10). Nevertheless,
mechanistic link between the metabolic deregulation associated with increased adiposity and
innate immune initiation of metaflammation remains largely unclear. One of the major adipose-
intrinsic deregulation in obesity is change in adipokine expression levels. An imbalance between

two such adipokines, leptin and adiponectin, has been found to be instrumental for the metabolic
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derangements associated with obesity (11). Chemerin (expressed by tazarotene-induced gene 2
or TIG2) is another such adipokine that regulates adipocyte development, differentiation and
metabolic function (12). Chemerin expression in adipocytes is increased with abundance of
FFAs (13), accordingly its systemic level has been found to be elevated in obese patients with
metabolic syndrome (14,15). Moreover genetic deficiency of chemokine-like receptor 1
(CMKLR1), the cognate receptor for chemerin, in mice protects them from high-fat diet (HFD)-
induced insulin resistance (14). Of note, chemerin also acts as a chemokine for immune cells
acting through CMKLRI1, specifically for plasmacytoid dendritic cells (pDCs) (16), the major
type I interferon (IFN)-producing cells in the body. In autoimmune contexts like psoriasis
chemerin has been shown to recruit pDCs in tissues and initiate the cascade of autoreactive
inflammation through type I IFNs (17,18,19). We wondered if adipose tissue-derived chemerin is
in some way involved in linking hyperadiposity to initiation of metaflammation, by playing a
similar chemotactic function in obesity as well. To investigate this, we collected visceral adipose
samples from obese individuals, and by means of whole tissue gene expression, adipose explant
culture and cell culture studies unraveled a hitherto unknown role of chemerin-recruited pDCs

and type I interferons in the initiation of metaflammation.

RESEARCH DESIGN AND METHODS

Patients and tissue samples
We recruited 83 obese individuals and 28 lean individuals for the study, who were undergoing
bariatric surgery (obese) or other abdominal surgeries (lean) at the ILS Hospitals, Kolkata, India.

Relevant characteristics of the recruited patients are provided in Table 1. Greater omental
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adipose tissue samples from all obese individuals and 11 lean individuals and peripheral blood
samples were collected after taking written informed consent from the patients, as per

recommendations of the institutional review boards of all participating institutes.

RNA isolation and quantitative Real time PCR

Total RNA was isolated from both in vitro cultured and ex vivo sorted macrophages and VAT
using TRizol reagent (Life Technologies, USA), cDNA synthesizedusing Superscript III
(Thermo Scientific, USA) and assayed for the expression of indicated genes by real time PCR
(on Applied Biosystems 7500 Fast instrument) using SYBR Green master mix (Roche,

Switzerland). The primers are listed in online supplemental table 1.

Isolation of stromal vascular fraction from VAT

After collection, major macroscopic blood vessels were removed by dissection from the VAT
samples, followed by wash in PBS (three changes) and digestion in PBS supplemented with
0.075% Collagenase I, 1% BSA and 1% HEPES at 37°C. Stromal vascular fraction (SVF) was
obtained by centrifugation of the digested VAT at 300g for 10minutes, followed by passage

through 100um cell strainer (SPL Life Sciences, South Korea).

Flow cytometric analysis and sorting

CDI123" CLEC4c" pDCs in the stromal vascular fractions (SVF) from the VAT samples were
enumerated by using fluorophore-tagged antibodies: CD45 PE (BD Bioscience, San Diego, CA),
CD3 FITC, CD8 PerCP, CLEC4c APC, CD123 eFlour450 (eBioscience, Santa Clara, CA). To

assess surface phenotype of in vitro generated macrophages, we used anti-human CD14 PerCP,
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CDI11b BV421, CD206 FITC and CD86 APC (BD Bioscience). Macrophage subsets in the SVF
from the VAT samples (N=11) were enumerated using CD3 PerCP, CD163 APC (eBioscience),
CD45-PE , CD11b-FITC, CD11c-PE Cy7 (BD Bioscience) to identify M1 (CD11b" CD11c")
and M2 (CD11b" CD163") polarized macrophages by flow cytometry. In some cases (N=7) the
M1 and M2 subsets were sorted on a BD FACS Aria cell sorter for subsequent gene expression

studies.

Adipose Tissue sectioning and staining

Adipose tissue samples were cryo-sectioned (15uM thick) in a Leica CM1950 cryotome using
Shandon cryomatrix and stained with PE conjugated BDCA4 antibody (Miltenyi Biotec,
Germany). DAPI-counterstained sections were mounted with Vectashield (Vector Labs,
Burlingame, CA) and 200X images were acquired on an Evos FL fluorescence microscope (Life

technologies, USA).

PDC isolation and culture
PDCs were isolated from the Peripheral blood mononuclear cells (PBMCs) by magnetic
immunoselection using anti-BDCA4 microbeads (Miltenyi Biotec). Isolated pDCs were cultured

in complete RPMI medium (or as indicated), in 96 well U-bottom plates.

Adipose explant culture
VAT samples were collected in PBS supplemented with 1% antibiotic-antimycotic solution

(Anti-Anti, Thermo Gibco, NY). Minced pieces of tissue were weighed and cultured in complete
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RPMI medium (Thermo Gibco). Supernatant (Adipose Explant Culture Supernatant or AEC-

sups) was collected from the culture at 1, 7, 14, 24 and 36 hours, and then cryostored.

PDC migration assay

Purified pDCs were cultured for 1 hour in RPMI medium with 2% FBS (migration medium)
followed by incubation for 15 minutes in presence of control antibody (rat IgG2a, 1pg/ml,
eBioscience, Santa Clara, CA) or anti-CMKLRI1 antibody (1pg/ml, eBioscience), or just the
migration medium. Then 50X10° pDCs in 100ul was added to top transwell inserts and either
600ul of AEC-sup or control medium was added to bottom chambers. After 5 hours, plate was
kept on ice for 15 minutes and number of migrating cells was counted. In some experiments
purified recombinant human chemerin (10 ng/ml, R&D Systems, Minneapolis, USA) were used
to drive pDC migration, in presence of the anti-CMKLRI1 antibody or control antibody, as

described.

Reporter assays

HEK cells (70,000 cells/200ul), expressing human TLR9 along with a NF-xB promoter-driven
secreted embryonic alkaline phosphatase (SEAP) reporter (Invivogen, San Diego, CA), were
used for assessing TLRY activation by the AEC-sups. 25% of total volume of adipose explant
culture sup or control medium was used for the assays and the SEAP activity was assessed using

Quanti-Blue Detection media (Invivogen, USA).

PDC stimulation with adipose explant culture supernatants
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AEC-sups were added to pDC cultures to check for type I IFN induction. To deplete adipose
explants supernatants of DNA molecules the AEC-sups were treated with 200U/ml DNase
(Thermo scientific, MA, USA) for 1 hour at 37°C before addition to pDC cultures. In some
experiments RAGE receptors were blocked on pDCs, using 1pg/ml anti-human RAGE goat
polyclonal antibody (R&D Systems, Minneapolis, USA), before adding the AEC-sups. To
deplete the HMGB1-bound TLRY ligands, AEC-sups were added with either Sug/ml anti-
HMGBI1 monoclonal antibody (R&D Systems) or control antibody or none (mock depletion),
and then added to the tubes containing magnetic Protein G bead (Merck Millipore, MA, USA).
Following incubation for 12 hours, the antibody-bound beads, were removed using a Magna
rack. Following this, the mock and antibody-depleted supernatants were added onto freshly

isolated pDCs.

Enzyme linked immunosorbent assay

ELISA was done for the detection and measurement of IFNa (Mabtech, Sweden) in the
supernatants obtained from pDC cultures, TNFa in the supernatant of macrophage culture
(Mabtech), chemerin (Merck-Milipore, MA, USA) in the supernatants from adipose explants
culture and insulin (Merck-Milipore) in plasma samples. ELISAs were performed as per the
respective manufacturer’s protocol. Free fatty acid estimation was done on the plasma samples,

using a flurometric assay kit (Cayman Chemical, Michigan, USA).

RNA Interference
Knock down of TLRY expression in freshly isolated pDCs were done with siRNA using

nucleofection following the manufacturer’s protocol (Amaxa Lonza 4D nucleofector kit, Koln,
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Germany). 5X10°> PDCs were resuspended in 100uL of supplemented P3 nucleofection buffer.
Control (esiRNA targeting EGFP, Sigma-Aldrich, MA, USA) or human TLRY (sequence:
GACCUCUAUCUGCACUUCUATAT) specific siRNA (Eurogentec, Li¢ge, Belgium) was
delivered using the program FF168. After 18 hours of culture in complete RPMI medium, cells

were harvested and plated in 96 well U-bottom plate and treated as indicated.

Macrophage culture

Peripheral blood CD14" monocytes were isolated by magnetic immunoselection from healthy
PBMCs and were differentiated to macrophages by culturing in presence of recombinant human
MCSF (500U/ml, R&D system, Minneapolis, USA) in 24 well plates. 48 hours later,
recombinant human IL4 (20 ng/ml, Tonbo Bioscience, San Diego, CA) was added to the
macrophages to allow polarization to the M2 phenotype and incubated for an additional 48 hours
(except control wells). Following this, recombinant human [FNa (PBL Interferon Source, NJ,
USA) was added in indicated concentrations (10, 100, and 1000 U/ml). Cultured macrophages
and their supernatants were then harvested and processed after 48 hours for further studies. In
some experiments in vitro generated M2 macrophages (10X10°) were co-cultured with freshly

isolated autologous pDCs (10X 10 in the presence of AEC-sups.

Statistics
Statistical analyses of all data were done on Graphpad Prism 5.0 software. Data were compared
between groups using paired or unpaired Student’s T test and Spearman’s rank correlation as

specified in respective figure legends.
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RESULTS

VAT-derived chemerin recruits pDCs in obesity

We recruited adult obese individuals undergoing bariatric surgery and collected samples of their
visceral adipose tissue (VAT). To explore the potential role of VAT-derived chemerin in
recruitment of pDCs into VAT, we did explant cultures with human VAT samples. We found
accumulation of chemerin in the adipose explant culture supernatant (hereafter mentioned as
AEC-sup) with time (Figure 1A). We then checked the chemotactic function of these AEC-sups
in transwell migration experiments with purified pDCs from healthy donors. Neutralizing the
receptor CMKLR]1 leads to total abolition of recombinant chemerin-induced pDC migration in
transwell experiments (Online Supplemental Figure 1A). We found efficient pDC migration
along the AEC-sup gradient and that also could be inhibited by neutralizing CMKLR1 receptor
on pDCs using a monoclonal antibody (mAb), as opposed to an isotype control antibody (Figure
IB). Gene expression studies on these VAT samples revealed that VAT expression of TIG2 was
not upregulated in obese as compared to lean individuals (Figure 1C). But plasma level of
chemerin was significantly higher in obesity (Figure 1D). Thus it seems that the increased
volume of body visceral fat, rather than intrinsic biology of the adipose tissue, is responsible for
this increased plasma level of chemerin in obesity. Obese VAT also showed significantly higher
enrichment of CLEC4C expression (Figure 1E), the signature transcript for pDCs (20). We found
a strong positive correlation between expression of chemerin (TIG2) and CLEC4C expression
(Figure 1F). ,. Recruitment of other immune cell subsets in response to chemerin is implausible,
as expression of CMKLRI, the chemerin receptor, is restricted to pDCs among different immune

cells (Online Supplemental Figure 1B). We isolated stromal vascular fraction from the collected
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VAT samples and detected significant enrichment of CD45 CD3~CD8 CD123'BDCA2" pDCs
by flow cytometry, as compared to peripheral blood (Figure 1G,H ). BDCA4" pDCs were also
detected in situ in cryosections of VAT (Figure 11). These studies reveal that in obese individuals
adipose-derived chemerin can recruit pDCs from circulation into the visceral adipose tissue
through CMKLRI1 receptor and thus link hyperadiposity-driven functional phenotype of

adipocytes to recruitment of a major innate immune cell.

Type I interferon induction by VAT-recruited pDCs

PDCs are the most efficient type I IFN producing cells in the immune system (21). Induction of
type I IFN production by pDCs, in response to recognition of self or nonself nucleic acid
molecules by endosomal TLRs (TLR9Y and TLR7), is the mainstay of pDC function in protective
immunity against pathogens (mostly viruses) as well as in their key role in several autoimmune
diseases (18,19,21,22,23). Finding chemerin-driven recruitment of pDCs into VAT of obese
individuals naturally led to the possibility of pDC activation in situ and involvement of type I
IFNs in metaflammation. We checked for expression of four genes (IRF7, ISG15, MX1 and
TRIP14), representative of the group of signature genes expressed in responder cells in response
to type I IFN signaling (Interferon Signature Genes or ISGs) that have previously been shown to
be surrogate markers for type I IFN induction in several autoimmune contexts (24,25). We
formulated an ISG index (ISGi) as an average of relative expressions of the four selected ISGs
(Online Supplemental Figure 2A-F) and found CLEC4C expression in VAT correlates positively
with ISGi (Figure 2A). As expected, ISGi was significantly higher in obese VAT as compared to

lean VAT (Figure 2B).

11
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Previous studies have established that visceral fat depots are critical sites for obesity associated
metaflammation compared to subcutaneous adipose tissue (26). To confirm the importance of
visceral adipose tissue in this phenomenon, we compared paired samples of subcutaneous
adipose tissue (SAT) with VAT samples (N=6). As expected VAT samples showed significantly
higher expression of TIG2, enrichment of CLECA4C transcript as well as ISGi (Online
Supplemental Figures 3A-C).

To look for endogenous molecules that may induce type I IFN induction in VAT recruited pDCs,
we added the AEC-sups, generated from explant cultures of adipose tissue collected from obese
individuals, to purified pDCs from healthy donors in culture. We found that AEC-sups could
induce type I IFN production by pDCs (Figure 2C). When AEC-sups were treated with DNase
before addition to the culture, this pDC activation was abrogated, indicating that extracellular
DNA molecules released in the AEC-sup play a role in this pDC activation (Figure 2D). Relative
abundance of extracellular nucleic acids in visceral adipose tissue can be extrapolated from the
higher propensity of adipocyte death and tissue remodeling previously reported in obesity (27,28
). AEC-sups were also able to trigger TLR9 activation in HEK293 cells that express TLR9 and
report downstream NF«xB activation through an enzymatic reporter (Figure 2E). When TLR9
gene was knocked down in pDCs using siRNAs (Online Supplemental Figure 4A), AEC-sup-
induced type I IFN production by pDCs was abolished (Figure 2F), confirming critical role of

TLR9 activation in this event.

HMGBI aids activation of VAT-recruited pDCs
Under physiological conditions extracellular nucleic acids of self-origin cannot access the TLRs

in pDCs due to their endosomal localization (21). But in autoimmune contexts endogenous

12
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molecules (e.g LL37, HMGBI etc.) take part in transport of self nucleic acids into pDC
endosomes and initiate sterile autoreactive inflammation (21,19). Among such molecules the
high mobility group B1 (HMGBI1) protein has been shown to bind extracellular self-DNA
molecules and facilitate their recognition by pDC endosomal TLRY, through participation of the
receptor for advanced glycation end-products (RAGE), which is expressed in pDCs (29).
Interestingly, in a recent study it was shown that in obese individuals there is elevated level of
HMGBI in plasma as well as an increased expression in VAT, which correlated with the adipose
inflammatory markers (30). So we speculated that HMGB1 may help in TLR activation in VAT-
recruited pDCs. Antibody-mediated neutralization of the HMGBI1 receptor RAGE on pDCs
could inhibit AEC-sup-induced type I IFN induction (Figure 3A). Moreover, antibody-mediated
depletion of HMGBI1 from the AEC-sups, before they were added to pDC cultures, abolished the
type I IFN induction capability of the AEC-sup (Figure 3B). Similar mechanism of pDC
activation seems to operate in vivo in obese patients as well. We found a significantly positive
correlation between expression of HMGBI and ISGi in VAT samples (Figure 3C). Thus we find
that adipose tissue derived HMGBI and extracellular self-DNA molecules trigger TLR9
activation in pDCs aided by RAGE receptors on pDCs, leading to induction of type I IFN

production in situ.

Type I interferons polarize macrophages to a proinflammatory phenotype

A mechanistic link between accumulation and proinflammatory polarization of macrophages in
the visceral adipose tissue is established in obesity associated metaflammation (3,4,31).
Macrophages in lean adipose tissue show an ‘alternatively activated’ anti-inflammatory ‘M2’

phenotype, while in obese adipose tissue they show ‘classically activated’ proinflammatory ‘M1’

13
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phenotype (3,31). Whether this results from selective recruitment of M1-like macrophages into
VAT or due to in situ polarization of M2 to the M1 phenotype remains an open question. We
wanted to explore whether type I IFN induction in VAT can drive in situ polarization of M2
macrophages to the proinflammatory M1 phenotype. First to check if this can happen in vitro, we
generated M2 macrophages from CD14" monocytes isolated from peripheral blood of healthy
individuals in presence of MCSF and IL-4. We found these in vitro generated M2 macrophages
could be polarized to a proinflammatory M1-like phenotype in presence of recombinant IFNa in
terms of reduction in expression of M2-specific genes like F13A1, CCL22 (Figures 4A,B) and
surface expression of the mannose receptor, CD206, an established marker for M2 macrophages
generated in vitro in response to IL4 (32) (Figure 4E,F). Expression of IRF5 (interferon
regulatory factor 5), a transcription factor with established role in proinflammatory polarization
of macrophages (33,34), and NOS2, the gene for inducible nitric oxide synthase that is
characteristically expressed in M1 macrophages, were increased in presence of IFNa (Figure
4C,D). Surface expression of the costimulatory molecule CD86, characteristic of MI-like
proinflammatory macrophages (35), was also enhanced in presence of IFNa (Figure 4E,F). There
was also enhancement of constitutive TNFa production in the macrophage cultures in presence
of IFNa (Figure 4G). Thus we found that IFNa, the major member of type I IFN family, can
drive polarization of alternatively activated macrophages to a proinflammatory phenotype in

vitro.

Role of type I interferons in macrophage polarization in situ
To confirm the role of pDCs in polarization of M2 to M1 macrophages in response to VAT-

derived TLRY ligands, we performed co-culture experiments of in vitro generated M2

14
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macrophages and freshly isolated pDCs in presence of AEC-sup (Figure SA). We found that the
proinflammatory polarization of the M2 macrophages in response to AEC-sup was significantly
reduced in the absence of co-cultured pDCs, in terms of surface expression of M2-specific
marker CD206 (Figure 5B) and M1 specific marker CD86 (Figure 5C). This was associated with
significant reduction in accumulation of IFNa in the supernatant (Figure 5D).

To further validate the putative role of type I IFN response in in situ M1 polarization of the
VAT-resident macrophages, we isolated M1-type and M2-type resident macrophages from the
stromal vascular fractions of VAT from obese individuals by flow cytometric sorting. Expression
of surface markers CD206 and CD86, used for assessing in vitro generation of M1 and M2
phenotypes, did not distinguish these phenotypic subsets in SVF, which is not surprising as
characteristic markers of macrophage subsets vary between contexts (36). Adipose tissue
resident M2 macrophages can be identified by expression of CD163, while M1 macrophages
present in obese VATSs express CD11c¢ (35,37,38). Accordingly, we could define distinct subsets
of M1 and M2 macrophages in SVF isolated from VAT samples as CD45" CD11b" CD11c¢" and
CD45" CDI11b" CD163" cells respectively (Figure 5E). Apart from the surface markers, the
subsets could also be validated based on expression IRF5 (Figure 5F) and NOS2 (Figure 5G).
We found that expression of the ISG genes were significantly enriched in the CD11c¢” M1 subset
(Figure 5H), indicating that a type I IFN response in the adipose resident macrophages favors M1
polarization. The expression of IRF5 and NOS2 in the CD11c” M1 macrophages strongly
correlated with ISGi values as well (Figures 5LJ).

In few recent studies, done in murine models of high fat diet (HFD)-induced metabolic
syndrome, TLR9 activation in macrophages in response to circulating DNA has been implicated

in proinflammatory polarization of macrophages (39,40). But in humans TLR9 expression is

15
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restricted to pDCs and B cells, with no considerable expression in the myeloid compartments, as
opposed to mice (41). To confirm this we also compared expression of TLRY in circulating
pDCs, B cells, T cells, conventional dendritic cells, monocytes as well as in vitro generated and
ex vivo isolated M1 and M2 macrophages. We found pDCs as the major TLRY expressing cells
with no significant expression in any of the myeloid cell subset, as previously described (Online
Supplemental Figure 4B). In whole tissue transcripts from VAT too, expression of genes
characteristic of M1 macrophages, viz. IRF5 was found to be significantly correlated with the
level of type I IFN induction (in terms of ISGi values) in VAT (Figure 6A) as well as expression
of the pDC signature gene CLEC4C (Figure 6B). Although a significantly coherent expression of
IRF5 and NOS2 in VAT validated their selection as M1 signature genes (Online Supplemental
Figure 5A), in total VAT transcript analysis NOS2 expression was not correlated with ISGi,
perhaps due to a type I IFN-independent regulation of its expression in cells other than
macrophages in vivo (Online Supplemental Figure 5B). The ratio of frequency of M1 and M2
macrophages in the stromal vascular fraction from VATs (N=11) was also found to be correlated
with VAT ISGi (Figure 6C). Thus we find that induction of type I IFNs in VAT of obese
individuals drive in situ proinflammatory polarization of macrophages as characterized by key

signature genes and surface markers, thereby fueling metaflammation.

Type I IFN induction in VAT is associated with insulin resistance

As proinflammatory polarization of VAT-recruited macrophages have been linked to systemic
insulin resistance in numerous previous studies (3,31), we expected a link between level of type |
IFN induction in obese VAT with adipose tissue and systemic insulin resistance. We assessed

adipose tissue insulin resistance in the recruited obese individuals by measuring ADIPO-IR
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index (ADIPO-IR = plasma free fatty acids x insulin concentration) which has been validated
previously for this purpose (42). Interestingly, we identified two distinct groups of individuals
when VAT ISGi was correlated with ADIPO-IR values in the respective individuals, in both of
which ADIPO-IR values had significant positive correlation with VAT ISGi (Figure 7A-C). But
one group (designated group L) had higher values ADIPO-IR corresponding to their ISGi values
than the other group (group R). We also found significant positive correlation of HOMA2-IR
values (indicative of systemic insulin resistance) with VAT ISGi in both groups L and R (Figure
7D,E). These groups were not significantly different with respect to body mass index (Online
Suppplemental Figures 6A), but group R showed significantly higher enrichment of the pDC-
specific transcript CLEC4C, higher ISGi as well as higher expression of the M1 macrophage
signature IRF5 (Online Suppplemental Figures 6B-D). These two distinct groups perhaps point
to different susceptibility of obese individuals to development of insulin resistance following the
innate initiation of metaflammation through type I IFNs. Of note, level of glycated hemoglobin
(HbAIc) was significantly correlated with only group R (Figure 7F), indicating higher levels of
ISGi have greater influence on long term glycemic control.

Thus we unraveled a hitherto unknown pathway for initiation of metaflammation that links
obesity-induced functional changes in the visceral adipose tissue with recruitment and activation
of a major innate immune mechanism, which can both initiate and fuel metaflammation, as

shown in the pathogenetic model (Figure 7G).

DISCUSSION

17
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Despite recent advances in the understanding of the adipose tissue inflammation and its role in
insulin resistance, all the key contributions from the immune cell subsets are yet to be understood
fully. Although Fetuin-A-TLR4 axis in adipocytes and resulting macrophage chemoattractant
protein 1 (MCP1) expression in visceral fat depots has been implicated in recruitment of
circulating CCR2" monocytes into VAT, mechanism of their polarization into proinflammatory
macrophages is not clear, as discussed earlier. In our study we found that chemerin, an adipokine
shown to be produced by adipocytes in response to free fatty acids with reported abundance in
plasma in obese individuals, has a role in the innate initiation of the VAT inflammation.
Chemerin is known to have chemoattractant property to cells expressing its cognate receptor
CMKLRI1, which is preferentially expressed on the plasmacytoid dendritic cells among immune
cells. We think as the VAT depots become a source of chemerin in obesity, circulating pDCs
infiltrate VAT in response to CMKLRI1 triggering, thus linking hyperadiposity to VAT-
recruitment of an innate immune cell. Although obese individuals had significantly higher level
of chemerin in plasma as compared to lean individuals, VAT expression of chemerin (TIG2)
showed no difference between these two groups. This indicates a dependence of systemic
abundance of chemerin on total volume of VAT rather than change in adipose biology in obesity.
Total VAT volume has also been shown previously to be linked with extent of inflammation
(26). As expected both enrichment of the pDC transcript CLEC4C expression in VAT and ISGi
was significantly higher in obese compared to lean individuals. Of note, we did not find any
correlation between body mass index with plasma chemerin levels in obese individuals. This
may have resulted from ongoing therapy with anti-diabetic drugs, especially metformin, in a
large number of these individuals, because reduction in level of chemerin in response to drug

therapy is known (43).
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CDI1c" dendritic cell (DC) recruitment into VAT has been previously reported, but these studies
focused mainly on conventional DCs (cDCs) and their role in T cell polarization. DC infiltration
into the VAT and liver has also been correlated with macrophage infiltration in HFD-fed (HFDF)
mouse, which reduced in animals genetically deficient in CD11c” DCs (44). Although in this
study VAT-infiltrating DCs comprised of both ¢cDCs and pDCs, the phenotype was linked to the
role of cDCs (44). Another study provided evidence for CD11c" cell recruitment in VAT of
obese individuals and also showed that ablation of CD11c" DCs in HFDF obese mice reduced
VAT inflammation as well as insulin resistance (45). But the reason behind this recruitment of

DCs and initiation of the metaflammation process was not clear in any of the studies.

PDCs are the major producers of type I IFNs in the body (21) and role of pDC-derived type I
IFNs in initiating autoreactive inflammation in several autoimmune disease is well established
(22,18,19,23). In our study we show the possible mechanism of activation of VAT-recruited
pDCs by free self-DNA molecules released from the adipose tissue. PDC activation and
consequent type I IFN induction was dependent on HMGBI1 bound to the DNA molecules and
RAGE receptor on pDCs. Recent findings of amelioration of disease in HFDF mice with genetic
deficiency of RAGE (46), as well as increased concentration of circulating HMGBI in obese
individuals with metabolic syndrome (30), support this possibility. An increased adipose tissue
turnover and adipocyte death in obese individuals can be responsible for abundance of both

HMGBI1 and the free nucleic acid molecules.
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TLRY recognises unmethylated CpG motifs on DNA molecules (21). Both genomic and
mitochondrial DNA do contain such motifs, and their release in response to adipocyte death can
trigger TLRY activation in pDCs, when aided by molecules like HMGBI1. Recently plasma from
both HFDF mice as well as patients with nonalcoholic steatohepatitis was shown to have
circulating mitochondrial DNA, which contributes to hepatic inflammation and disease through
TLRY triggering (39). A more recent study showed TLR9 activation in VAT-recruited
macrophages in response to cell free DNA from dying adipocytes induced CCL2 expression in
situ (40). Accordingly in TLR9-/- HFDF mice accumulation of macrophages in VAT, VAT-
resident inflammation as well as insulin resistance was attenuated. Interestingly, in both these
murine studies the whole phenotype was shown to be dependent on TLRY expression in
lysozyme expressing macrophages, while in humans TLRY expression is largely restricted in
pDCs and B cells (41). The second study also found that level of circulating DNA molecules, the
TLRY ligands, was increased in obese individuals and correlated with their systemic insulin
resistance (40).

In clinical contexts of autoimmune disorders, pDC-derived type I IFNs drive inflammation by
influencing ¢cDC maturation as well as potentiation of autoreactive B cell activation and
expansion (47,48). We now unravel a direct action of type I IFNs on the VAT recruited
macrophages. We provide evidence of polarization of M2 macrophages to proinflammatory M1
phenotype in response to type I IFNs both in vitro and in situ. The phenotypic details of in vitro
generated and ex vivo isolated macrophages were somewhat different in terms of gene expression
and surface markers, probably due to additional microenvironmental factors in vivo. Among the
ex vivo isolated macrophages we could identify and isolate CD163" M2 and CD11c” M1 subsets

as described (2). The ex vivo isolated M1 macrophages had a clear enrichment of interferon
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signature gene expression. In a previous study, again in HFDF mouse model, CD1lc"
macrophages were shown to be instrumental for the adipose inflammation and insulin resistance
(49), as shown by disease amelioration on genetic deficiency of CD11c¢" cells. But in that study
the phenotype might have contributions from both infiltrating DCs (pDCs and cDCs) as well as

M1 macrophages, as all of them express CD11c.

VAT-infiltration of a number of other immune cells has been implicated in metaflammation,
other than macrophages and dendritic cells (3,50). The cellular components of the adaptive
immune system, viz. Thl-polarized CD4 cells (51) and cytotoxic CD8 T cells (52), perhaps get
involved downstream of innate initiation of metaflammation. But recently in situ activation of
VAT-resident NK cells, an innate immune cell subset, was found to be critical driver of
metaflammation in independent studies using two different genetic models of NK cell
deficiency, as well as in human obese individuals (53,54). Of note here, a critical role of type |
IFNs is established in regulation of NK cell function in contexts like viral infection and solid
tumors (55,56,57). A recent study also established that NK cell activation and survival is
severely impaired in the absence of type I IFNs (58). Thus plausibly in sifu induction of type I
IFNs in VAT, as reported by us, mechanistically precedes activation of NK cells during
metaflammation.

We found that induction of type I IFN in VAT was linked to both adipose tissue (represented by
ADIPO-IR) and systemic insulin resistance (represented by HOMA2-IR), although it was not
correlated individually with fasting blood glucose, free fatty acid or insulin levels in plasma (data
not shown). Interestingly, we could identify two subgroups among obese individuals with

different susceptibility of insulin unresponsiveness in the adipose tissue to the level of type I [IFN
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induction in situ. The left shifted group (group L) had higher ADIPO-IR levels at lower VAT
ISGi compared to the right shifted group R. HOMA2-IR was similarly regulated in response to
VAT ISGi. Of note, level of HbAlc was correlated with VAT ISGi only in group R perhaps
pointing to higher ISGi levels affecting long term glycemic control to a greater extent.

A putative role of type I [FNs in systemic insulin resistance had been suggested long back in a
study where human subjects injected with IFNa developed insulin resistance (59). Pegylated
IFNa therapy in patients with HCV infection was also found to be associated with insulin
resistance (60,61). In a recent study genetic deficiency of IRF7 (interferon regulatory factor 7),
the critical transcription factor for induction of type I IFNs in pDCs (62) , was found to protect
mice from HFD-induced metabolic syndrome (63) . In clinical contexts, an associated risk of
developing metabolic disorders has already been established in systemic lupus erythamatosus
(64) and psoriasis (65), where pDC-derived type I IFNs play a central role in pathogenesis (19).
Interestingly, administration of hydroxychloroquine (HCQ), the anti-malarial drug with anti-
rheumatic effects, was found to improve insulin sensitivity in obese individuals (66,67). Role of
HCQ in inhibition of endosomal TLRs, either by regulation of endosomal acidification or direct
interaction with the nucleic acid ligands, is established (68,69). We speculate that the anti-
diabetic effect of HCQ is also through inhibition of TLR-mediated type I IFN induction. Of note
here, level of systemic insulin resistance represents both the influence of metaflammation and
intrinsic insulin unresponsiveness in metabolically active tissues. Thus, beyond its contribution
to metaflammation, the role of type I IFNs in driving systemic insulin resistance by direct action
on metabolically active tissues needs to be explored. Actually, suggestion of hepatic insulin

resistance in response to I[FNa has already been made in a previous study (70).
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Altogether, we propose a novel model (Figure 7G) for initiation of metaflammation in obese
individuals, wherein adipose recruitment of pDCs in response to high expression of chemerin,
and in situ TLR activation in the adipose-recruited pDCs in response to HMGB1-nucleic acid
complexes, lead to induction of type I IFNs. Type I IFNs in turn fuel metaflammation by driving
proinflammatory polarization of macrophages in visceral adipose tissue and contribute to
systemic insulin resistance. Type I IFNs are already being explored as therapeutic targets in
different systemic autoimmune contexts (71,72). Our study opens up the possibility of similar

therapeutic approaches in obesity associated metabolic syndrome as well.
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FIGURE LEGENDS
Figure 1. VAT-derived chemerin recruits pDCs in obesity.
(A) Chemerin ELISA was done on AEC-sups collected at different timepoints. Each dot
represents AEC-sup generated from different VAT samples (N=14 at 36 hours). Comparisons
among paired samples were done by paired T test (*p<0.05).
(B) Migration of pDC (isolated from healthy donors) was assessed in response to AEC-sups in
transwells. pDCs were either untreated or pretreated with anti-CMKLRI1 or isotype control
antibody and the number of migrated pDCs, were compared by performing two tailed paired T
test (p = 0.0185). Cumulative data of six independent experiments (with different AEC-sup and
pDC donor combinations) are represented.
(C) & (E) Total RNA was isolated from VAT of lean (N=11) and obese (N=83 individuals and
real-time PCR was done to determine the relative expression of CLEC4C and chemerin (T1G2)
genes (normalized to the expression of 18S rRNA as reference gene). Expression of TIG2 (C)
and CLEC4C (E) was compared between these two groups using Student’s T test (p = 0.8408
for TIG2, p = 0.004 for CLEC4C).
(D) Plasma level of chemerin measured by ELISA was compared between lean and obese
individuals using Student’s T test (p < 0.0001).
(F) The relative expression values of TIG2 and CLEC4C in obese VAT were correlated based
on Spearman’s rank correlation (Spearman r= 0.6203, p < 0.0001).
(G) & (H) SVF was isolated from VAT samples by enzymatic digestion and were stained to
enumerate frequency of pDCs (CD45" CD3~ CD8~ CDI23" CLEC4c™ cells) by flow
cytometry and compared to pDC frequency (stained similarly) from peripheral blood of the
same individuals. (G) a representative contour plot that was acquired by flow cytometry. (H) a

scatter plot revealing relative enrichment of pDCs in VAT, as compared to peripheral blood
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(N=15). Paired Student’s T test (two tailed) was performed to show significant enrichment of
pDCs in VAT (p=.0071).

() Representative images from immunofluorescence microscopy done on cryosections of VAT
samples. Left panel shows merged image of a 200X field, nuclei are stained with DAPI (blue)
and pDCs are stained with PE-labeled anti-BDCA4 antibody (red). Middle panel shows a
digitally zoomed region showing DAPI staining and the right panel shows the merged image of

the same zoomed region of the field. (BF = brightfield). Arrows shows BDCA4" pDCs.

Figure 2. Type I interferon induction by VAT-recruited pDCs.

(A) Total RNA from VAT (N=83) collected from obese individuals was isolated and real time
PCR was done for the pDC-specific transcript CLEC4C and four signature transcripts of type I
IFN signaling (ISGs) viz. IRF7, TRIP14, MX1 and ISG15, relative expression was quantified
taking 18S rRNA as reference gene. Interferon Signature Gene Index (ISGi) was formulated as
the average of the relative expressions of the four selected ISGs in each sample. The relative
expression values of CLEC4C were then related with ISGi values based on Spearman’s rank
correlation (Spearman r = 0.4822 p < 0.0001).

(B) Comparison of ISGi for VAT was compared between lean and obese individuals using
Student’s T test (p<0.0001).

(C) AEC-sup was added to pDCs from healthy donors in increasing doses (25% and 75% total
volume of culture media) and after overnight incubation supernatants were checked for presence
of interferon-o (IFNa) by ELISA. Induction of IFNa by AEC-sups were validated by paired T
test (p = 0.0078). Cumulative data of seven independent experiments (with different AEC-sup

and pDC donor combinations) are represented.
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(D) AEC-sups were treated with DNase (as described in experimental procedures) before
addition to healthy pDC cultures. [FNa induction (measured by ELISA on the supernatants after
overnight incubation) was compared with AEC-sup without any DNase treatment. Cumulative
data of five independent experiments (with different AEC-sup and pDC donor combinations)
are represented.

(E) AEC-sup (25% of total volume of 200pul in a well) were added to HEK-293 cells expressing
TLR9 and reporting downstream NFkB activation through secreted embryonic alkaline
phosphatase (SEAP) reporter. Supernatants were collected after 12 hours and added to a SEAP
substrate medium for further incubation. Optical density (OD) was then measured at 620nm on
a spectrophotometer. Data from eight different AEC-sups are presented and compared with
control medium-induced enzyme activity by unpaired T test (p = 0.0062).

(F) TLRY gene expression was knocked down in pDCs isolated from healthy individuals using
RNA intereference. Knock down efficiency is presented in online supplemental figure 4A.
Control (for EGFP) and target (for TLR9) siRNA transfected cells were cultured in presence of
AEC-sup (75% of total volume of 100ul in a well) and after overnight incubation IFNa was
measured in culture supernatants. Data from seven independent experiments are presented.
Comparison between control and target-transfected cells were done by two tailed paired T test

(p=0.0024).

Figure 3. HMGBI1 aids activation of VAT-recruited plasmacytoid dendritic cells.
(A) AEC-sups (75% of total volume 100ul in a well) were added to healthy pDC culture and
incubated overnight. In some conditions before addition of AEC-sups pDCs were treated with

an anti-RAGE goat polyclonal antibody. ELISA was done to compare IFNa levels in
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supernatants of anti-RAGE antibody treated or untreated pDCs. Cumulative data of seven
independent experiments (with different AEC-sup and pDC donor combinations) are
represented. Comparison between antibody-treated and untreated conditions was done by one
tailed paired T test (p=0.0078).

(B) HMGBI1 was depleted from AEC-sups using a monoclonal antibody and protein G magnetic
beads. These AEC sups were then added (75% of total volume 100l in a well) to pDC cultures
and incubated overnight. ELISA was done for IFNa on the supernatants and comparison was
done between HMGB1-depleted or control antibody-depleted AEC-sup treatments by unpaired
T test (p = 0.0482).

(C) Total RNA from VAT N=79 was isolated and real time PCR was done for HMGB1 and the
four ISGs viz. IRF7, TRIP14, MX1 and ISG15, relative expression was quantified taking 18S
rRNA as reference gene. The relative expression values of CLEC4C were then related with ISGi

values based on Spearman’s rank correlation (Spearman r = 0.2853 , p =0.0108 ).

Figure 4: Proinflammatory macrophage polarization by type I interferons.

(A) — (D) CD14" monocytes isolated from peripheral blood of healthy donors were developed
into macrophages in vitro in presence of M-CSF and then into M2-type macrophages by adding
recombinant human IL-4 in the culture. The cells were then further cultured in absence or
presence of escalating doses of recombinant human IFNa. Then total RNA was isolated from
the cells and real time PCR was done for two M2-signature genes, F13A1 (A) and CCL22 (B),
as well as two M1-signature genes, IRF5 (C) and NOS2 (D). In presence of [FNa, the M2-

polarized cells showed reduction in the M2-signature genes and induction of the M1-signature
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genes. Statistical significance was checked by paired T test. Cumulative data of three to seven
independent experiments are represented.

(E) & (F) Macrophages generated as described in (A)-(D) were assessed for surface expression
of the M2 specific marker CD206 and the M1-specific marker CD86 by flow cytometry. (E)
shows histograms of a representative experiment for both the markers and (F) shows cumulative
data of mean fluorescence intensity from five independent experiments. Statistical significance
was checked by two tailed paired T test.

(G) Enzyme linked immunosorbent assay was done for TNFa on supernatants collected at the
end of the culture from the macrophages generated as described above, absorbance was taken at

450nm (p=0.0313, Wilcoxon matched pairs signed rank test).

Figure 5: Role of plasmacytoid dendritic cells and type I IFNs in proinflammatory
polarization of macrophages in the context of metaflammation

(A) — (C) In vitro generated M2 macrophages were cultured with AEC-sup (75% of total
volume 200ul in a well) in presence or absence of autologous pDCs (A). After two days cells
were harvested and used for flow cytometric assessment of M2-specific surface marker CD206
(B) and M 1-specific surface marker CD86 (C) on CD11b" macrophages.

(D) Culture supernatants from the co-culture experiment described in (A) were harvested and
IFNa was measured by ELISA, comparison done by paired T test, (p=0.0131).

(E) SVF was isolated from VAT samples by enzymatic digestion and were stained to isolate
MI-type (CD45" CD11b" CD11c" cells) and M2-type (CD45" CD11b" CD163" cells) by flow

cytometry; a representative contour plot is shown.
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(F) — (G) Total RNA was isolated from the sorted M1-type and M2-type cells and expression
data from qPCR for two M1-signature genes, IRF5 (F) and NOS2 (G) are compared between
two subsets (N=7).

(H) ISGi (calculated as average of expression of four ISGs viz. IRF7, TRIP14, MX1 and ISG15
as before) is compared between M2 and M1 macrophages (N=7).

(D — (J) Relative expression of ISGs (ISGi) was correlated with relative expression of IRF5 and
NOS?2 in the sorted CD11c"” M1 macrophages based on Spearman’s rank correlation (IRF5 vs
ISGi: N=7, Spearman r = 0.9286, p = 0.0022; NOS2 vs ISGi: N=6, Spearman r = 0.8857, p =

0.0333).

Figure 6: Relating tissue type I IFN response to macrophage composition.

(A) & (B) Correlation of VAT expression of IRF5 (A) with tissue ISGi (N=82, Spearman r =
0.4736 , p <0.0001) and with VAT expression of the signature pDC transcript CLEC4C (N=82,
Spearman r = 0.4962 , p < 0.0001) is represented.

(C) Ratio of M1 (CD11c¢") to M2 (CD163") macrophage frequency (% of CD45" CD11b" cells)
in VAT was related with whole tissue ISGi based on Spearman’s rank correlation (N=11;

Spearman r = 0.5909, p =0.0278).

Figure 7: Relationship between VAT type I IFN induction with insulin resistance and the
proposed model for role of pDCs in metaflammation.

(A) — (C) Insulin resistance in adipose tissue was assessed using ADIPO-IR index as described,
calculated from circulating free fatty acid and insulin levels and the relationship between VAT

ISGi and corresponding ADIPO-IR values are represented. Two distinct groups, one with a left-

41

Page 42 of 61



Page 43 of 61

Diabetes

shifted correlation (designated group L) and another with a right-shifted correlation (designated
group R) are demarcated with the red broken line in (A). The same correlation in the individual
groups are shown in (B) and (C).

(D) & (E) HOMA2-IR was calculated using levels of fasting blood glucose and insulin as
described. Relationship between VAT ISGi and corresponding HOMAZ2-IR values are
represented for group L in (D) (Spearman r = 0.6377, p = 0.0003) and for group R in (E)
(Spearman r = 0.5103, p = 0.0017).

(F) Relationship between VAT ISGi and corresponding HbA1C values are represented for
group R (Spearman r = 0.4273, p = 0.0233).

(G) The model based on our data proposes that visceral adipose tissue (VAT)-derived chemerin
recruits circulating plasmacytoid dendritic cells (pDCs) through the CMKLR1 receptor. VAT-
recruited pDCs are activated in situ by HMGB1-nucleic acid complexes that may access Toll-
like receptor-9 (TLR9) in pDCs via RAGE receptors. PDCs thus activated produce type I [FNs
in situ, which in turn can fuel in situ polarization of M2 macrophages to proinflammatory M1
macrophages expressing IRF5. The proinflammatory M1 macrophages in turn contribute to

propagation of chronic inflammation in VAT and insulin resistance.
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Table 1: Anthropometric and biochemical parameters of the recruited individuals.

Diabetes

Parameters Data available (N) Values

Obese Lean Obese Lean
Total 83 29 - -
Female 49 8 - -
Male 34 21 - -
Age, years 83 29 41.2857(+12.0866) | 44.7241(+11.4483)
Body mass index 76 29 43.9388(£7.46692) | 25.07037(£3.09401)
VAT samples 83 11 - -
Plasma samples 72 28 - -
Fasting blood glucose, | 78 29 128.7462(£59.1401) | 103.5862 (+19.4082)
mg/dl
Fasting plasma insulin, | 63 0 25.3906(+14.2685) | Not available
pU/ml
Glycated hemoglobin | 63 20 7.15873(x1.719118) | 5.445 (+ 0.551052)
Ic, % (NGSP)
Glycated hemoglobin | 63 20 57.23809(£21.8216) | 35.9(+ 6.086223)
Ic, mmol/mol (IFCC)
Plasma free fatty acid | 64 0 296.6826 (+=114.731) | Not available
(M)
Plasma chemerin | 72 28 75.2466 (£23.2116) | 15.4 (£18.6437)
(ng/ml)
ADIPO-IR 64 0 49.198 (+£37.125) Not available
HOMA2-IR 63 0 3.5211(x2.0888) Not available
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Figure 1. VAT-derived chemerin recruits pDCs in obesity. (A) Chemerin ELISA was done on AEC-sups
collected at different timepoints. Each dot represents AEC-sup generated from different VAT samples (N=14
at 36 hours). Comparisons among paired samples were done by paired T test (*p<0.05). (B) Migration of
pDC (isolated from healthy donors) was assessed in response to AEC-sups in transwells. pDCs were either
untreated or pretreated with anti-CMKLR1 or isotype control antibody and the number of migrated pDCs,
were compared by performing two tailed paired T test (p = 0.0185). Cumulative data of six independent
experiments (with different AEC-sup and pDC donor combinations) are represented. (C) & (E) Total RNA was
isolated from VAT of lean (N=11) and obese (N=83 individuals and real-time PCR was done to determine the
relative expression of CLEC4C and chemerin (TIG2) genes (normalized to the expression of 18S rRNA as
reference gene). Expression of TIG2 (C) and CLEC4C (E) was compared between these two groups using
Student’s T test (p = 0.8408 for TIG2, p = 0.004 for CLEC4C). (D) Plasma level of chemerin measured by
ELISA was compared between lean and obese individuals using Student’s T test (p < 0.0001). (F) The
relative expression values of TIG2 and CLEC4C in obese VAT were correlated based on Spearman’s rank
correlation (Spearman r= 0.6203, p < 0.0001). (G) & (H) SVF was isolated from VAT samples by
enzymatic digestion and were stained to enumerate frequency of pDCs (CD45+ CD3— CD8— CD123+
CLEC4c+ cells) by flow cytometry and compared to pDC frequency (stained similarly) from peripheral blood
of the same individuals. (G) a representative contour plot that was acquired by flow cytometry. (H) a scatter
plot revealing relative enrichment of pDCs in VAT, as compared to peripheral blood (N=15). Paired Student’s
T test (two tailed) was performed to show significant enrichment of pDCs in VAT (p=.0071).

(I) Representative images from immunofluorescence microscopy done on cryosections of VAT samples. Left
panel shows merged image of a 200X field, nuclei are stained with DAPI (blue) and pDCs are stained with
PE-labeled anti-BDCA4 antibody (red). Middle panel shows a digitally zoomed region showing DAPI staining
and the right panel shows the merged image of the same zoomed region of the field. (BF = brightfield).
Arrows shows BDCA4+ pDCs.
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Figure 2. Type I interferon induction by VAT-recruited pDCs. (A) Total RNA from VAT (N=83) collected from
obese individuals was isolated and real time PCR was done for the pDC-specific transcript CLEC4C and four
signature transcripts of type I IFN signaling (ISGs) viz. IRF7, TRIP14, MX1 and ISG15, relative expression
was quantified taking 18S rRNA as reference gene. Interferon Signature Gene Index (ISGi) was formulated
as the average of the relative expressions of the four selected ISGs in each sample. The relative expression
values of CLEC4C were then related with ISGi values based on Spearman’s rank correlation (Spearman r =
0.4822 p < 0.0001). (B) Comparison of ISGi for VAT was compared between lean and obese individuals

using Student’s T test (p<0.0001). (C) AEC-sup was added to pDCs from healthy donors in increasing
doses (25% and 75% total volume of culture media) and after overnight incubation supernatants were
checked for presence of interferon-a (IFNa) by ELISA. Induction of IFNa by AEC-sups were validated by
paired T test (p = 0.0078). Cumulative data of seven independent experiments (with different AEC-sup and
pDC donor combinations) are represented. (D) AEC-sups were treated with DNase (as described in
experimental procedures) before addition to healthy pDC cultures. IFNa induction (measured by ELISA on
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the supernatants after overnight incubation) was compared with AEC-sup without any DNase treatment.
Cumulative data of five independent experiments (with different AEC-sup and pDC donor combinations) are
represented. (E) AEC-sup (25% of total volume of 200ul in a well) were added to HEK-293 cells expressing
TLR9 and reporting downstream NFkB activation through secreted embryonic alkaline phosphatase (SEAP)
reporter. Supernatants were collected after 12 hours and added to a SEAP substrate medium for further
incubation. Optical density (OD) was then measured at 620nm on a spectrophotometer. Data from eight
different AEC-sups are presented and compared with control medium-induced enzyme activity by unpaired T
test (p = 0.0062). (F) TLR9 gene expression was knocked down in pDCs isolated from healthy individuals
using RNA intereference. Knock down efficiency is presented in online supplemental figure 4A. Control (for
EGFP) and target (for TLR9) siRNA transfected cells were cultured in presence of AEC-sup (75% of total
volume of 100ul in a well) and after overnight incubation IFNa was measured in culture supernatants. Data
from seven independent experiments are presented. Comparison between control and target-transfected
cells were done by two tailed paired T test (p=0.0024).
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Figure 3. HMGB1 aids activation of VAT-recruited plasmacytoid dendritic cells. (A) AEC-sups (75% of total
volume 100ul in a well) were added to healthy pDC culture and incubated overnight. In some conditions
before addition of AEC-sups pDCs were treated with an anti-RAGE goat polyclonal antibody. ELISA was done
to compare IFNa levels in supernatants of anti-RAGE antibody treated or untreated pDCs. Cumulative data
of seven independent experiments (with different AEC-sup and pDC donor combinations) are represented.
Comparison between antibody-treated and untreated conditions was done by one tailed paired T test
(p=0.0078). (B) HMGB1 was depleted from AEC-sups using a monoclonal antibody and protein G magnetic
beads. These AEC sups were then added (75% of total volume 100ul in a well) to pDC cultures and
incubated overnight. ELISA was done for IFNa on the supernatants and comparison was done between
HMGB1-depleted or control antibody-depleted AEC-sup treatments by unpaired T test (p = 0.0482). (C)
Total RNA from VAT N=79 was isolated and real time PCR was done for HMGB1 and the four ISGs viz. IRF7,
TRIP14, MX1 and ISG15, relative expression was quantified taking 18S rRNA as reference gene. The relative
expression values of CLEC4C were then related with ISGi values based on Spearman’s rank correlation
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(Spearman r = 0.2853 , p = 0.0108).
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Figure 4: Proinflammatory macrophage polarization by type I interferons. (A) - (D) CD14+ monocytes
isolated from peripheral blood of healthy donors were developed into macrophages in vitro in presence of M-
CSF and then into M2-type macrophages by adding recombinant human IL-4 in the culture. The cells were
then further cultured in absence or presence of escalating doses of recombinant human IFNa. Then total
RNA was isolated from the cells and real time PCR was done for two M2-signature genes, F13A1 (A) and
CCL22 (B), as well as two M1-signature genes, IRF5 (C) and NOS2 (D). In presence of IFNa, the M2-
polarized cells showed reduction in the M2-signature genes and induction of the M1-signature
genes. Statistical significance was checked by paired T test. Cumulative data of three to seven independent
experiments are represented. (E) & (F) Macrophages generated as described in (A)-(D) were assessed for
surface expression of the M2 specific marker CD206 and the M1-specific marker CD86 by flow cytometry.
(E) shows histograms of a representative experiment for both the markers and (F) shows cumulative data of
mean fluorescence intensity from five independent experiments. Statistical significance was checked by two
tailed paired T test. (G) Enzyme linked immunosorbent assay was done for TNFa on supernatants collected
at the end of the culture from the macrophages generated as described above, absorbance was taken at
450nm (p=0.0313, Wilcoxon matched pairs signed rank test).
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Figure 5: Role of plasmacytoid dendritic cells and type I IFNs in proinflammatory polarization of
macrophages in the context of metaflammation (A) - (C) In vitro generated M2 macrophages were cultured
with AEC-sup (75% of total volume 200ul in a well) in presence or absence of autologous pDCs (A). After
two days cells were harvested and used for flow cytometric assessment of M2-specific surface marker
CD206 (B) and M1-specific surface marker CD86 (C) on CD11b+ macrophages. (D) Culture supernatants
from the co-culture experiment described in (A) were harvested and IFNa was measured by ELISA,
comparison done by paired T test, (p=0.0131). (E) SVF was isolated from VAT samples by enzymatic
digestion and were stained to isolate M1-type (CD45+ CD11b+ CD11c+ cells) and M2-type (CD45+ CD11b+
CD163+ cells) by flow cytometry; a representative contour plot is shown. (F) - (G) Total RNA was isolated
from the sorted M1-type and M2-type cells and expression data from gPCR for two M1-signature genes, IRF5
(F) and NOS2 (G) are compared between two subsets (N=7). (H) ISGi (calculated as average of
expression of four ISGs viz. IRF7, TRIP14, MX1 and ISG15 as before) is compared between M2 and M1
macrophages (N=7). (I) - (J) Relative expression of ISGs (ISGi) was correlated with relative expression of
IRF5 and NOS2 in the sorted CD11c+ M1 macrophages based on Spearman’s rank correlation (IRF5 vs ISGi:
N=7, Spearman r = 0.9286, p = 0.0022; NOS2 vs ISGi: N=6, Spearman r = 0.8857, p = 0.0333).
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Figure 6: Relating tissue type I IFN response to macrophage composition. (A) & (B) Correlation of VAT
expression of IRF5 (A) with tissue ISGi (N=82, Spearman r = 0.4736 , p < 0.0001) and with VAT expression
of the signature pDC transcript CLEC4C (N=82, Spearman r = 0.4962 , p < 0.0001) is represented. (C)
Ratio of M1 (CD11c+) to M2 (CD163+) macrophage frequency (% of CD45+ CD11b+ cells) in VAT was
related with whole tissue ISGi based on Spearman’s rank correlation (N=11; Spearman r = 0.5909, p

=0.0278).
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Figure 7: Relationship between VAT type I IFN induction with insulin resistance and the proposed model for
role of pDCs in metaflammation. (A) - (C) Insulin resistance in adipose tissue was assessed using ADIPO-IR
index as described, calculated from circulating free fatty acid and insulin levels and the relationship between
VAT ISGi and corresponding ADIPO-IR values are represented. Two distinct groups, one with a left-shifted
correlation (designated group L) and another with a right-shifted correlation (designated group R) are
demarcated with the red broken line in (A). The same correlation in the individual groups are shown in (B)
and (C). (D) & (E) HOMA2-IR was calculated using levels of fasting blood glucose and insulin as described.
Relationship between VAT ISGi and corresponding HOMA2-IR values are represented for group L in (D)
(Spearman r = 0.6377, p = 0.0003) and for group R in (E) (Spearman r = 0.5103, p = 0.0017). (F)
Relationship between VAT ISGi and corresponding HbA1C values are represented for group R (Spearman r =
0.4273, p = 0.0233). (G) The model based on our data proposes that visceral adipose tissue (VAT)-derived
chemerin recruits circulating plasmacytoid dendritic cells (pDCs) through the CMKLR1 receptor. VAT-
recruited pDCs are activated in situ by HMGB1-nucleic acid complexes that may access Toll-like receptor-9
(TLR9) in pDCs via RAGE receptors. PDCs thus activated produce type I IFNs in situ, which in turn can fuel
in situ polarization of M2 macrophages to proinflammatory M1 macrophages expressing IRF5. The
proinflammatory M1 macrophages in turn contribute to propagation of chronic inflammation in VAT and
insulin resistance.
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Online Supplemental Table S1: Primer oligonucleotide sequences used in real time PCR
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GENES PRIMER SEQUENCE
IRF7 FORWARD ACCTGTAGCCCCCTCTGCCA
REVERSE GTGGGGCTGCCCTCTCAGGA
TRIP14 FORWARD GAGCCCTGGGGCCTTCTCTTC
REVERSE GCTCTGGGGGACCTGGCTTTC
MX1 FORWARD ACTCCTCTGGGAGGGTGGCT
REVERSE GCACCTCCTTGGAATGGTGGCT
ISG15 FORWARD CTACGAGGTCCGGCTGACGC
REVERSE GTGGAGGCCCTTAGCTCCGC
T1G2 FORWARD TGAGGAGCACCAGGAGAC
REVERSE TTGGAGAAGGCGAACTGTC
CLEC4C FORWARD GACCGAGAGAAAGGACTCTGGTGG
REVERSE AGTCCAAGGGGTTGGGCAGC
HMGBI FORWARD ACATCCAAAATCTTGATCAGTTA
REVERSE AGGACAGACTTTCAAAATGTTT
IRFS5 FORWARD CGGACTGATGTGGAGATGTG
REVERSE CTCTCCTTCTTGGCCCAAAT
CCL22 FORWARD GCAACTGAGGCAGGCCCCTA
REVERSE CCTGGAGGAGCCAAGGCCAC
NOS2 FORWARD AGCTCAACAACAAATTCAGG
REVERSE ATCAATGTCATGAGCAAAGG
F1341 FORWARD GAGCGCCTGCAGGACCTTGT
REVERSE GCCCTCTGCGGACAATCAGC
TLRY FORWARD AAATCCCTCATATCCCTGTC
REVERSE TTGTAATAACAGTTGCCGTC
18§ FORWARD GTAACCCGTTGAACCCCATT
REVERSE CCATCCAATCGGTAGTAGCG




Page 56 of 61

Diabetes

i [elsylopus +601LAD
—_tplolyifig Ale3 +1,,0d0
H_}moliew auog
— -s0ad +yv0ad
1sieo g +61Ad0
+Sl180 1 +8300
sle L +¢¥d0
H__1SI1129 ¥N +950D
{-se1k00uUo +7100
{1-PI0IPAN +£€00
+v€A0
L_I-POO|g 30U
o o o o
w = o
(anjes uoissaldx3y)
N LHTIWD
— e s
i
H F + 4+ |
— -+
_ *_H- [
il gl ==
§ & @ % o555
(0001 X) £
snd pajelbiw jo 'ON % m..w m,
w

<

Online Supplemental Figure 1



Page 57 of 61

A
10°9r=0.7639
p<0.0001 D
4]
’ 10 Yo
o AE)
=102
|_
104
02ty
107 10" 10% 10 107
IRF7
C
1054 r = 0.8041
105{ p <0.0001 s
o 104
O 103

IRF7

o
50

0 102 10* 108
1SG15

Diabetes

0
10" 10" 10° 10° 107

B

10°1,r=0.8011 6@
p <0.0001

104
E 1031
= 402

1074

100

10" 10" 10° 10° 107
IRF7

10°7r=0.8478
p <0.0001 Qg
O

00
100 908 100 108
1ISG15

1054 = 0.8049

p <0.0001 ﬁ’om
O

Online Supplemental Figure 2



Diabetes Page 58 of 61

A B C
104 102 * 108
*

103 100 104 *
Q

(9] = —

Q102 o {0102 3 10° %
0

10° ? 10+ 102 g%

100 L] 1 10'6 T T 101 T T

SAT VAT SAT VAT SAT VAT

Online Supplemental Figure 3



Page 59 of 61

TLR9

12
10

o N B

Diabetes

[ ]
Iy

—
HuTLRY
ive expre
33

i

lative
3
i ;
— |
—
—]

H

H |

— =401

MO
M2+
M1
B-
CD4+

CTRL TLR9

PDCH

VAT M1+
VAT M2+

Online Supplemental Figure 4

CD8+

CDCH

Mono-



Diabetes Page 60 of 61

A B
1059 r=0.6302 1084r=0.09143
104]p <0.0001 @ p=0429
oo 4 O
] 10% o o
» B , o
01027 RO @
= 1§ oo h
° &
0 1021
1010210 102 902 102 10 qUF 90 900
IRF5 ISGi

Online Supplemental Figure 5



Page 61 of 61

BMI

80

60+

Diabetes

B
104
- b = 0.0058
o]
o] 102 98

Online Supplemental Figure 6



Diabetes

Online Supplemental Figure 1: Function and restricted expression of chemerin receptor
CMKLRI1 plasmacytoid dendritic cells.
(A) Migration of pDC was assessed in response to human recombinant chemerin in transwells.

pDCs were either untreated or pretreated with anti-CMKLR1 or isotype control antibody and the
number of migrated pDCs, were compared by performing two tailed paired T test (*p < 0.05).

Cumulative data of three independent experiments are represented.

(B) Expression data of CMKLR1 on different human immune cell subsets collated from high
density oligonucleotide array database GSE1133 (accessed from
http://ds.biogps.org/?dataset=GSE1133&gene=1240), showing restricted expression on
plasmacytoid dendritic cells. Normalized expression data (mean = SD) are presented for two

different probes targeting CMKLRI1 (207652 s at and 210659 _at) each in duplicate.

Online Supplemental Figure 2: Coherent expression of the selected type I IFN signature
genes in VAT.

(A)-(F) Coherent expression of the four interferon signature genes or ISGs (IRF7, TRIP14, MX1
and ISG15) in VAT, validating their selection to formulate the interferon signature gene index

(ISGi). Correlation of expression was checked with Spearman’s ranked correlation (N=83).

Online Supplemental Figure 3: Comparison of gene expression between subcutaneous and
visceral adipose tissue samples.
(A)-(C) Paired samples of subcutaneous adipose tissue (SAT) with VAT samples (N=6) were

assessed for expression of TIG2, enrichment of CLEC4C transcript and value of interferon

signature gene index. Comparisons were done by performing two tailed paired T test (*p < 0.05).
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Online Supplemental Figure 4: TLR9 knock down in pDCs and expression of TLRY in
different immune cell subsets.

(A) TLRY expression was knocked down in pDCs using siRNA transfection. Comparison
between control and target siRNA transfection was done by paired T test (*p<0.05).

(B) Expression of TLR9 was assessed by real time PCR in circulating plasmacytoid DCs (pDC),
B cells (B), CD4 T cells (CD4), CD8 T cells (CDS), conventional dendritic cells (cDC),
monocytes (Mono), in vitro generated M1 and M2 macrophages (M1 and M2) and ex vivo
isolated M1 and M2 macrophages from visceral adipose tissue of obese individuals (Vat M1 and

Vat M2).

Online Supplemental Figure 5: Coherent expression of the genes selected as signature for
M1 macrophages.

(A) Coherent expression of the genes /RF5 and NOS2 in VAT. Correlation of expression was
checked with Spearman’s ranked correlation (N=79, r=0.6302, p <0.0001).

(B) Relationship between VAT expression of NOS2 and tissue ISGi (N=77,r=0.99143,p =

0.429).

Online Supplemental Figure 6: Comparison of group L and group R with respect to body mass

index and gene expression

(A) Comparison of body mass index between group L and group R (NS= not significant).
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(B)-(D) Comparison between group L and group R for expression of pDC-specific transcript
CLECA4C (B), interferon signature gene index (C) and expression of M1 macrophage signature

IRF5 (D)
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